Abstract-In this work a low cost sensor has been developed to measure three-directional forces. The theory, design and sensor construction details are presented. It was constructed by using commercial strain gauges. Finite element method was adopted to optimize the structure dimensions, and improve the sensitivity of force sensor by distributing the sensing stress on the maximum strain positions. A hardware conditioning circuits was developed for the 3D force sensor. The calibration experiments were performed to calculate calibration coefficients by using the regression analysis method and test linear property of the sensor.
I.
INTRODUCTION
The measurement of foot-ground reaction forces produced by human body in biomechanical analysis is very important. Ground reaction measurement with force plates has been devoted to perform dynamics analysis in many environments [1] , [2] . A variety of sensor systems have been developed, including resistive strain gauges, piezoelectric film [3] , capacitive sensors, Hall effect [4] , [5] , but in these systems the effects of shearing forces were neglected. Some sensors recently are developed to measure compressive and shear forces at the skin-object interface [6] , but the force levels are limited in the measurements of small forces about 50N. Pressure platforms reliably deliver pressure distribution under the foot, foot location, vertical reaction, and displacement of the center of pressure, but they do not give any information about shear forces [7] . Gait and posture analysts sometimes neglect the local components of shear forces because of the great amount of information already delivered by the vertical reaction components [8] , [9] .
Two multi-dimensional sensors for human dynamics analysis have been introduced in [10] , but these structural sensors with load-coupling were difficult to be calibrated. In this paper, we are developing a strain gauge sensor used an easy innovative made instrument for measuring 3D forces during human walking. A finite element method was adopted to optimize the structure dimensions, and improve the sensitivity of force sensor by distributing the sensing stress on the maximum strain positions. After optimization and realization model, hardware conditioning circuits was developed for the 3D force sensor. The calibration experiments were performed to calculate calibration coefficients by using the regression analysis method and test linear property of the sensor.
II. DESIGN OF THE 3D TEST BODY
Figure1. The 3D test body
a. Design of the proving ring
The function of the proving ring is to detect the vertical force component. This provides increased sensitivity and is less to crosstalk from horizontal forces [11] . The proving ring dimensions were selected to provide a safety factor of at least three before fracture failure due to excessive vertical loads. Calculations were carried out to verify the safety of the design and to assure adequate sensitivity. The proving ring was analyzed as a thick-walled circular ring and the vertical force was considered as a vertical load (figure.2). The greatest circumferential stresses which occur at the Section A-A of the ring were found by the formula [12] :
Where: p = load/unit length of the ring, and K is a numerical coefficient which depends on the The K values were extrapolated from the K versus a/b, table [12] . The stresses at the section A-A points 1, 2, 3, and 4 were estimated as: 2 
Requiring the safety factor of at least three, the safe stress is:
For the aluminum AU4G, the yield tensile strength y σ is 441 N/mm 2 . Since s σ << y σ , this ring structure design is safe. The average total stress at the section A-A is:
The average strain is:
where E: the Young's Modulus for aluminum AU4G 
where R =10mm and r = 7mm 
The total of quadratic moment of the transducer cross section (figure.3) is: The gauge's resistance value is known with a precision less than 0.01% because of the very low stress, which induces very low resistance variation. 
V. CONCLUSION
A new 3D force sensor developed using strain gauge is proposed for measuring three-directional reaction forces. Finite element method was adopted to optimize the structure dimensions, and improve the sensitivity of force sensor by distributing the sensing stress on the maximum strain positions. A hardware circuit including amplifiers module and conditioning circuits was developed for the force sensor. The calibration experiments were performed to calculate calibration coefficients by using the regression analysis method and test linear property of the sensor. The calibration data shows a good correlation coefficient of linear fitness, 0.9999 for F Z , and 0.9997 for F X and F Y . In the future works, the 3D force sensor will be attached on bioinstrumentation system for ground reaction forces measurements in human dynamic analysis. 
